Abstract: Amplified fragment length polymorphism (AFLP) analysis was used in combination with bulked segregant analysis (BSA) to identify molecular markers linked to two cowpea (Vigna unguiculata (L.) Walp.) genes conferring resistance to Striga gesnerioides race 1. After AFLP analysis of an F 2 population derived from a cross between the resistant cultivar Gorom and the susceptible cultivar Tvx 3236, seven AFLP markers were identified that are linked to Rsg3, the gene conferring race 1 resistance in 'Gorom'. The distances between these markers and Rsg3 ranged from 9.9 to 2.5 cM, with two markers, E-AGA/M-CTA 460 and E-AGA/M-CAG 300 , flanking Rsg3 at 2.5 and 2.6 cM, respectively. Analysis of a second F 2 population derived from the cross between 'Tvx 3236' and the resistant cultivar IT81D-994 identified five AFLP markers linked to the race 1 resistance gene 994-Rsg present in 'IT81D-994'. The two markers showing the tightest linkage to the 994-Rsg locus were E-AAG/M-AAC 450 and E-AAG/M-AAC 150 at 2.1 and 2.0 cM, respectively. Two of the markers linked to 994-Rsg, E-AGA/M-CAG 300 and E-AGA/M-CAG 450 , were also linked to Rsg3. The identification of molecular markers in common between the two sources of race 1 resistance suggests that either Striga resistance genes are clustered in these plants or that these loci are allelic. Mapping of the resistance loci within the cowpea genome revealed that three markers linked to Rsg3 and (or) 994-Rsg are located on linkage group 6.
Introduction
The parasitic plant Striga gesnerioides (Willd.) Vatke, a member of the Scrophulariaceae family, causes considerable damage to cowpea (Vigna unguiculata (L.) Walp.) in semiarid regions of Africa. On susceptible cultivars, yield losses can reach 100% (Emechebe et al. 1991; Muleba et al. 1997) .
Research conducted by the International Institute of Tropical Agriculture (IITA), in collaboration with the Semi-Arid Food and Grain Research and Development Project and the Institut de l'Environnement et de Recherches Agricoles (INERA) of Burkina Faso, led to the identification of local cultivars exhibiting varying degrees of resistance to Striga parasitism (Aggarwal 1991; Aggarwal et al. 1984) . The differential expression of resistance by 'Gorom' (also known as 'Suvita-2') when grown in Burkina Faso, Niger, and Nigeria, indicates that there are different races of S. gesnerioides across West Africa (Parker and Polniaszek 1990) . In fact, five races of the parasite have now been identified based on host-parasite interactions in the field (Lane et al. 1997) . Currently, none of the four most widely grown resistant cowpea varieties has resistance to all five races. Of these four lines, 'B301' (originating from Botswana) and 'IT82D-849' (a breeding line from IITA) are resistant to races 1, 2, 3, and 5, whereas 'Gorom' and 'IT81D-994' (another breeding line from IITA) are resistant to races 1, 2, and 4 (Lane et al. 1997) . Previous studies of the inheritance of resistance to S. gesnerioides showed that a single dominant gene controls resistance in 'Gorom' (Aggarwal et al. 1984) , 'B301', and 'IT82D-849' (Atokple et al. 1995; Singh and Emechebe 1990) . Tests for allelism conducted by Atokple et al. (1995) indicated that the resistance present in 'B301', 'IT82D-849', and 'Gorom' is conferred by distinct genes designated Rsg1, Rsg2, and Rsg3, respectively. We have also recently reported evidence supporting the presence of a single dominant gene for resistance to S. gesnerioides race 1 in 'Gorom', 'B301', 'IT82D-849', and 'IT81D-994' (Ouédraogo et al. 2001) . Although cowpea cultivars such as 'B301' and 'IT82D-849' provide a good source of resistance for breeders, these cultivars have poor seed and agronomic qualities. Using traditional breeding and selection practices, attempts to create commercially acceptable cultivars free of undesirable genetic traits and resistant to all five races of S. gesnerioides have yet to be successful. These traditional methods of cowpea improvement are also very time consuming, involving several generations of backcrossing taking up to seven or more field seasons necessary to obtain lines carrying the desired character or characters.
The use of DNA marker systems, such as random-amplified polymorphic DNAs (RAPDs) (Williams et al. 1990 ), amplified fragment length polymorphisms (AFLPs) (Vos et al. 1995) , and simple sequence repeats (SSRs) (Akkaya et al. 1992) , has contributed greatly to the development of genetic linkage maps for many important crop species including cowpea (Fatokun et al. 1993; Waugh et al. 1997) . In combination with the bulked segregant analysis (BSA) method, (Michelmore and Meyers 1998 ) the use of RAPDs, AFLPs, and SSRs has made it possible to rapidly identify molecular markers linked to genes of agronomic importance (Lee 1995; Young 1999) . The development and use of molecular marker technologies has also facilitated the subsequent cloning and characterization of disease-, insect-, and pest-resistance genes from a variety of plant species (Meyers et al. 1999; HammondKosack and Jones 1997) . These studies have led to a greater understanding of the basis for plant-pathogen interactions and the process of plant disease resistance (Kumar 1999; Ribault and Hoisington 1998; Young 1999) .
We have previously reported the identification of AFLP markers linked to resistance genes to S. gesnerioides races 1 and 3 in 'B301', 'IT82D-849', and 'Tvu 14676' (Ouédraogo et al. 2001 ). As noted above, genetic analysis indicates that the S. gesnerioides race 1 resistance in 'Gorom' is conferred by a different gene than that present in 'B301' or 'IT82D-849'. Moreover, no information is available on the allelic relationships between the resistance genes Rsg1, Rsg2, and Rsg3 and the race 1 resistance gene(s) present in 'IT81D-994' (referred to as 994-Rsg in this work). In the present study, we report the identification of seven markers linked to Rsg3 and five others linked to 994-Rsg. Two of the markers identified are common between the two resistance genes and three of these markers have been assigned to linkage group 6 of the cowpea genetic map (Ouédraogo et al. 2002) . The potential use of these markers in a marker-assisted selection program and in the eventual map-based cloning of genes conferring resistance to S. gesnerioides in cowpea are discussed.
Materials and methods

Plant material and growth conditions
Two F 2 populations were developed and used in this study. These populations were generated by crossing the Strigasusceptible 'Tvx 3236' with the Striga-resistant 'Gorom' and 'IT81D-994'. 'Gorom' is an improved cultivar from Burkina Faso reported to be resistant to S. gesnerioides races 1, 2, and 4. 'IT81D-994' is a breeding line developed at IITA and is also reported to be resistant to races 1, 2, and 4. 'Tvx3236' is a breeding line used at IITA and known to be susceptible to all races of S. gesnerioides in West Africa. First filial generation hybrids derived from crosses between 'Tvx 3236' and 'Gorom' or between 'Tvx 3236' and 'IT81D-994' were selffertilized to generate F 2 populations segregating for resistance. Parental, F 1 , and F 2 individuals from the two populations were grown in the field under S. gesnerioides race 1 infestation at the research station of INERA in Kamboinse, Burkina Faso. The F 2 plants from each population were grown in rows spaced 1.5-m apart with approximately 1.5 m separating the individual plants. Emergence of S. gesnerioides was scored every two days starting three weeks after planting and scoring continued until complete senescence of the plant (approximately 120 days after planting for 'Gorom' and 150 days for the late-maturing 'IT81D-994'). Plants were pulled from the ground and their roots examined for attached and pre-emergent S. gesnerioides seedlings. Plants allowing parasite attachment, development, and emergence were classified as susceptible. Those free of infection or showing minimal levels of S. gesnerioides attachment and no emerged seedlings were deemed resistant.
To determine the genotypes of the F 2 plants, progeny testing was performed on 25 F 3 plants for each individual F 2 . Third filial generation plants were grown under S. gesnerioides infestation and monitored as indicated above for the F 2 plants. For molecular analyses, a representative sample of 150 progeny-tested F 2 individuals was taken for each of the segregating populations.
Plant tissue collection and DNA extraction
Between 2 and 3 g of leaf tissue were collected from the selected F 2 plants and immediately dessicated following the procedure of Chase and Hills (1991) . The dried tissue samples were kept at 4°C until use. Total genomic DNA was isolated from leaf tissues of individual plants using the method of Varadarajan and Prakash (1991) . The DNA concentration in samples was measured spectrophotometrically at A 260 us-ing a Varian DMS200 spectrophotometer (Varian Inc., Palo Alto, Calif.). Concentrated DNA samples were maintained in ethanol at 4°C and, as necessary for AFLP analysis, working solutions (100 ng ⋅µL -1 ) were prepared in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). Dilute solutions were maintained at -20°C. Owing to leaf material deterioration leading to poor DNA quality, a final sample of 75 individuals was used for AFLP analysis.
AFLP analysis
AFLP analysis was performed essentially as described by Ouédraogo et al. (2001) using the AFLP™ Analysis System I AFLP Starter Primer Kit (Gibco BRL-Life Technologies, Inc., Gaithersburg, Md., U.S.A.). Sixty EcoRI and MseI primer combinations were tested on progeny from the two crosses and scored in bulked samples and F 2 individuals (as described below).
Bulked segregant analysis
Bulked segregant analysis was carried out essentially as described by Michelmore et al. (1991) . Homozygous-resistant and -susceptible bulks were prepared from F 2 individuals by pooling aliquots containing equivalent amounts of total DNA (approximately 10 µg) from each of 12 resistant and 12 susceptible F 2 . After analysis of the various bulks for the presence or absence of the various AFLP markers, individual F 2 progeny within each bulk were analyzed to determine linkage as described below.
Marker segregation, linkage analysis, and mapping
The segregation of AFLP markers and linkage analysis was performed on 75 F 2 individuals from each population. Linkage analysis between the AFLP markers and the S. gesnerioides resistance loci was performed using MAPMAKER 2.0 (Lander et al. 1987) . The "group" command was used to determine linkage groups, pair-wise comparisons, and grouping of markers. An LOD score of 6.0 and a maximum recombination frequency of 30% were specified. To determine the most likely order within a linkage group, the "compare" command was used based on the multi-point linkage data to confirm the "order" command based on three-point linkage data with the above cited linkage criteria. The Kosambi mapping function (Kosambi 1944 ) was used to convert recombination frequency into map distances in centimorgans (cM).
To place the AFLP markers identified in this study on the cowpea genetic map (Ouédraogo et al. 2002) , the EcoRI and MseI primer combinations giving rise to polymorphic bands in the test populations (i.e., 'Gorom' × 'Tvx3236' and 'IT81D-994' × 'Tvx 3236') were tested for their ability to detect a polymorphism in the parents ('IT84S-2049' and '524B'). In the cases where the polymorphism was reproduced, the segregation of this marker was scored in the mapping population of 94 recombinant inbred lines (RILs) (Menéndez et al. 1997) .
Results
Polymorphism rate and marker segregation analysis
A bulked segregant analysis (BSA) was carried out on progeny of the two mapping populations ('Gorom' × 'Tvx3236' and 'IT81D-994' × 'Tvx 3236'). In total, 60 primer combinations were used to test parents and bulks for the two populations. These produced amplified DNA fragments ranging in size from 70 to 600 bp. Between 60 and 102 distinguishable bands were observed after selective amplification with each primer combination. On average, 15 to 35 of these fragments proved polymorphic. Out of a total of 150 polymorphic bands, 7 were found to be linked to the Rsg3 resistance gene in the 'Tvx 3236' × 'Gorom' cross. In these cases, the resistant and susceptible bulks reproduced the polymorphism seen between the two parents (Figs. 1a and  1b) . Similarly, in the 'Tvx 3236' × 'IT81D-994' cross, five markers also showed up differentially in the two bulks. Two of the markers potentially linked to the Rsg3 gene (in the 'Tvx 3236' × 'Gorom' population) were apparently identical to two of the markers segregating with the 994-Rsg gene in the 'Tvx 3236' × 'IT81D-994' cross. 
Markers linked to the Rsg3 resistance gene
A total of seven markers, derived from six different selective primer combinations, were identified as linked to the resistance gene Rsg3 present in 'Gorom'. The primer combinations used, the size of the polymorphic fragment, and the linkage phase relative to the allele conferring resistance for each of these markers are presented in Table 1 .
To determine how tightly the seven AFLP markers are linked to Rsg3, 75 F 2 individuals from the 'Tvx 3236' × 'Gorom' cross were analyzed using the six primer combinations described above. All seven markers were dominant and segregated according to a 3:1 ratio. Linkage analysis performed using MAPMAKER 2. 0 (1987) showed that all of the markers belonged to the same linkage group and could be placed in the order shown in Fig. 2a . As can be seen, the Rsg3 locus is flanked by markers E-AGA/M-CTA 460 (at a distance of 2.5 cM) on one side and by E-AGA/M-CAG 300 (at a distance of 2.6 cM) on the other side. Rsg3 is therefore located within a region that spans a total distance of 5.1 cM.
Identification of AFLP markers linked to the 994-Rsg resistance gene
Five markers resulting from the use of three primer combinations were linked to the 994-Rsg gene that confers resistance to S. gesnerioides race 1. Table 1 lists the characteristics of these markers. The five primer combinations were used to perform an AFLP analysis of the entire F 2 population of 75 individuals. Linkage analysis revealed that all of the markers formed a single linkage group (Fig. 2b) . All five markers showed relatively close linkage with 994-Rsg and this locus was located within a 4.1-cM interval between markers E-AAG/M-AAC 450 and E-AAG/M-AAC 150 (Fig. 2b) .
Interestingly, the primer combination E-AGA/M-CAG produced two markers, E-AGA/M-CAG 450 and E-AGA/M-CAG 300 , which appear to be common to both mapping populations. When run side by side, these markers migrate in identical fashion in both resistant parents (data not shown) and they map 1.7 cM apart in both linkage groups (Figs. 2a  and 2b ). These observations suggest that these markers correspond to homologous loci in the two resistant parents.
Placement of the Rsg3 and the 994-Rsg resistance loci on the cowpea genetic map
An improved genetic linkage map for cowpea spanning approximately 2600 cM has recently been constructed in our laboratory using an F 9 recombinant inbred population derived from crossing 'IT84S-2049' with '524B' (Ouédraogo et al. 2002) . Using this new map as our basis, we attempted to place Rsg3 and 994-Rsg within one of the 11 defined link- Note: The primer combination used, the size of the polymorphic band(s) (in bp) and the linkage phase for each marker are shown. Table 1 . Characteristics of the AFLP markers linked to race 1 resistance in two cowpea populations. age groups. Of the 10 AFLP markers linked to either Rsg3 or 994-Rsg, only three proved polymorphic between the two parental lines of the mapping population. Of these three, two (E-AGA/M-CAG 450 and E-AGA/M-CAG 300 ) were common to both Rsg3 and 994-Rsg and the third (E-AAG/M-CTT 300 ) was unique to Rsg3. These markers were genotyped on the 94 RILs and all were found to be located on linkage group 6 of the integrated linkage map (Fig. 3) . The distances between these markers were well conserved between all three maps. Indeed, comparing distances between markers in Figs. 2 and 3, one observes that the distance between E-AAG/M-CTT 300 and E-AGA/M-CAG 450 is 5.6 cM on the 'Tvx 3236' × 'Gorom' map and 4.7 cM on the 'IT84S-2049' × '524B' map. Similarly, the distance between E-AGA/M-CAG 450 and E-AGA/M-CAG 300 is 1.7 cM on both the 'Tvx 3236' × 'Gorom' and 'Tvx 3236' × 'IT81D-994' maps, whereas it is 2.2 cM on the 'IT84S-2049' × '524B' map.
Discussion
Previous studies from our laboratory employing AFLP analysis in combination with BSA led to the identification of AFLP markers linked to genes conferring resistance to S. gesnerioides races 1 and 3 in cultivars 'B301', 'IT82D-849', and 'Tvu 14676' (Ouédraogo et al. 2001) . Here, we have extended this work and identified several new molecular markers linked to S. gesnerioides race 1 resistance in the cultivars 'Gorom' and 'IT81D-994'. Our results are significant for several reasons. First, our data clearly establish that the S. gesnerioides race 1 resistance identified in cultivars 'B301', 'IT82D-849', and 'Tvu 14676' is conditioned by genes distinct from those present in 'Gorom' and 'IT81D-994'. S. gesnerioides race 1 resistance genes present in cultivars 'B301', 'IT82D-849', and 'Tvu 14676' are located on LG2, whereas race 1 resistance genes present in 'Gorom' and 'IT81D-994' map to LG 6. Furthermore, our work has identified molecular markers capable of distinguishing between these two race 1 resistance loci.
The existence of complex resistance loci that display either a multiallelic structure or clustering with each allele or gene, thus leading to a different specificity, is now well documented in the literature (Michelmore et al. 1991; Pryor and Ellis 1993; Ronald 1998) . Our results also show that the genes conferring race-specific resistance to Striga are clustered in the cowpea genome. For example, both Rsg3 (race 1 resistance in 'Gorom') and the race 1 resistance locus in 'IT81D-994' (994-Rsg) map near each other on the same linkage group and are linked to common AFLP markers (e.g., E-AGA/M-CAG 450 and E-AGA/M-CAG 300 ). In addition, we have previously reported that genes conferring resistance to S. gesnerioides races 1 and 3 present in cultivars 'B301', 'IT82D-849', and 'Tvu 14676' mapped to the same linkage group (Ouédraogo et al. 2001) . In these studies, three AFLP markers linked to the Rsg2-1 locus that confers resistance to S. gesnerioides race 1 from Burkina Faso and six markers linked to the Rsg4-3 locus that confers resistance to S. gesnerioides race 3 from Nigeria were mapped to the same region of LG-2. Of the various markers identified, two (E-AAC/M-CAA 300 and E-ACA/M-CAT 150 ) were linked to both Rsg2-1 and Rsg4-3.
To date, no information is available on the location of resistance genes for S. gesnerioides races 2, 4, and 5. It is also necessary to perform allelism studies between the different resistance genes, because they react differentially to the five S. gesnerioides races. It is not unreasonable to suggest that, if race-specific resistance genes for S. gesnerioides are clustered within the cowpea genome, some or all of the markers identified here and in our previous work will be immediately useful in the analysis of other populations of cowpea segregating for resistance to these S. gesnerioides races. Equally intriguing is the possibility that loci conferring resistance to other parasitic plants might also be located within this cluster, because it is known that, in addition to resistance to S. gesnerioides, cultivars like 'B301' carry duplicate dominant genes for resistance to Alectra vogelii (Benth.) distinct from Rsg1 (Singh and Emechebe 1997) .
At the present time, the molecular basis for resistance in host plants to parasitism by Striga or any other parasitic angiosperm is not known. The identification of markers linked to Striga resistance and their location on the cowpea genetic map facilitates numerous future endeavors, including the development of sequence-characterized amplified regions (SCARs) or cleaved amplified polymorphic sequence markers (CAPS markers) (Lu et al. 2000; Paran and Michelmore 1993) . Such PCR markers would be suitable for use in marker-assisted selection programs (Kumar 1999; Ribault and Hoisington 1998; Young 1999) aimed at the rapid improvement of germplasm. Furthermore, such markers would prove useful in initiating the cloning and characterization of S. gesnerioides resistance genes using one or more of the currently available methods for map-based cloning (Chase and Hills 1991; Kumar 1999) . The studies described here represent the first step towards reaching these goals and towards the improvement of cowpea for a needy African population.
